Introduction
Experiments on the mechanism of electric charge generation in thunderclouds have been conducted by many workers (Workman and Reynolds, 1950; Brook, 1958; Latham and Mason, 1961; Magono and Takahashi, 1963) . However, there are many problems in these experimental results when those results are applied to explain actual thunderclouds.
The reason for this may partly be due to the lack of direct observation of the electric charge on precipitation elements in thunderclouds. Simpson and Scrase (1937) were the first to measure the space charge distribution in thundercloud from the measurement of the potential gradient with respect to height with the use of balloons. They found three distinct space charge regions in a typical thunderstorm.
Many workers have attempted to know the amount of electric charge on each precipitation element in thunderclouds from the observation at the ground (Benerji and Lele, 1932; Gunn, 1949) . Whipple (1944) indicated that there were some problems in deducing the electric charge on precipitation elements in thunderstorm from the measurement of their electric charge at the ground. Gunn (1951) has attempted to measure the electric charge on precipitation elements in clouds with the use of an aeroplane.
The present author (1963) also tried to measure the electric charge in cloud by the same method as that of Gunn, but could not obtain reasonable results by this method. Radiosondes for measuring the electric charge on precipitation elements were designed by the present anthor and sent into thundercloud and cumuli.
2. Radiosonde for measuring electric charge
Description of the instrument
The radiosonde transmitter used for measuring the electric charge on precipitation elements consists of a receiving dish for precipitation elements and a D. C. electrometer amplifier with sufficient power to drive a radiosonde transmitter.
The dish for receiving precipitation elements is 7 cm in diameter and 1 cm in depth. A sheet of filter paper was put on this dish in order to minimize splash of raindrops. This dish is held coaxially with the outer aluminium cylinder of 13 cm in diameter and 30 cm in height, and is insulated from the outer cylinder with a teflon insulator (Fig. 1) . The voltage across the resistor (1011 ) between the dish and the outer cylinder is measured with a D.C. electrometer amplifier which has nearly the same electric network as that used for measuring potential gradient in the atmosphere by Hatakeyama and others (1958) . Tsutomu Takahashi 207 modulator works at an frequency of about 110 c/s when the water drop fallen into the inner dish carries no charge, and works between 110 c/s and 200 c/s when the water drop carries a positive charge and between 110 c/s and 20 c/s when the water drop carries a negative charge.
An electric charge of 5 10-4 e. s. u. is the limit of detection of this radiosonde.
The signals are received by a GMD-1A type receiving set with a recorder. The relation between the indication of the recorder and the amount of electric charge was examined before each ascent by using water drops having various values of electric charge.
An example of calibration is shown in Fig. 3 .
The radiosonde transmitter is placed 50 m apart from the balloon. The electric network of the amplifier of the radiosonde transmitter is shown in Fig. 2 . Time constant of input part of this sonde is 2 second. A radiofrequency oscillator operates at 1680 MC and a modulator for imposing intelligence on to the radiofrequency carrier is a blocking oscillator whose repetition rate of 20 to 200 c/s is controlled by the output voltage of the D. C. electrometer amplifier. The Fig. 3 . Calibration between the amount of deflection of the recorder and the amount of given electric charge on water drop.
Preliminary test
Some experiments in a cold room were undertaken in order to know whether this radiosonde showed real electric charge on precipitation elements. (a) Water drops having electric charge of 10-1 e. s. u. were dropped on the wall of the outer aluminium cylinder and the aluminium box containing the D.C. amplifier and the battery.
No effect was produced by water drops having this electric charge. (b) A radiosonde hung with a string was oscillated up to 90 in angle from the vertical. The radiosonde behaved as if it caught a raindrop having an electric charge of 10-3 e. s. u. or less even with a violent oscillation.
(c) The radiosonde was affected by an abrupt variation of potential gradient of surroundings.
An electric charge of 8 10-3 e. s. u. was apparently observed when the electric potential gradient varied from 1000 V/m to 0 V/m abruptly. (d) There was no trouble in measurement when water in dish was frozen. (e) No effect appeared when an ice sphere of 5 mm in diameter was dropped into the water in the dish. An electric charge of 5 10-3 e. s. u. or less appeared when an ice sphere was strongly thrown in water in process of freezing.
When an ice sphere was thrown violently on ice in the dish, an electric charge of only 3 10-3 e. s. u. or less was generated when the temperatures of the ice sphere and the ice in dish were equal, but an electric charge of 5 10-3 e.s.u./ C was generated when the temperatures between the ice sphere and the ice in dish were different and a negative sign of electric charge appeared when the temperature of the ice sphere was colder than that of the ice in dish.
In this case, the diameter of the ice sphere was 1 cm.
Results of observation
Radiosonde observations of electric charge on precipitation elements were carried out at Tateno High Altitude Observatory.
Two successful results were obtained out of 3 radiosonde ascents.
Ascent in thunderclouds
On 10 August 1964 occasional flashes were seen all over the upper cloud but no thunder clap was heard while a radiosonde was ascending.
A record of observation is shown in . A radiosonde transmitter for measuring electric charge was attached to a conventional meteorological radiosonde for measuring temperature, humidity and pressure. As shown in Fig. 5 , below the +10°C level, nearly equal numbers of raindrops of positive and negative charges were observed. Electric charges of (1~2) 10-2 e. s. u. were the most abundant below this level. At the +7°C level, the number of positive electric charge was larger than that of negative charge.
The amount of each positive charge was very large and +6 10-2 e.s. u. electric charges appeared most frequently.
Between the 0°C level and the -18°C level, negative electric charge was too great to measure with the meter used. The most frequently observed electric charges were more than 5 10-2 e. s. u. in negative. Above the level of cloud top estimated from the routine meteorological radiosonde observation, the amount of electric charge became suddenly small.
A layer of positive electric charges 1 km in depth, was observed at -50°C level.
In Fig. 6 the sums of positive electric charges and of negative electric charges in each 300 m level where the radiosonde had passed in 1 minute are shown.
When a column with a base of area 1 km2 is considered, the electric space charge became +0.27 coul. and -0.17 coul. at the layer between +12°C and -2°C, more than 1 coul. in negative at the layer between -2°C and -18°C, and +0.03 coul . at the -50°C level respectively. Fig. 7 shows the frequency distribution of electric charge in the space below, within and above the cloud. The amounts of the mean electric charge and of the median electric charge of particles having charges larger than 5.10-3 e.s.u. in each layer divided between the cloud top and the cloud base are shown in Table 1 . The nearer the raindrop to the ground from 0 C level, the smaller the median values.
Ascent in cumulus cloud
Radiosonde was sent into a cumulus cloud when a strong shower fell at the ground. A part of the record of observation is shown in Fig. 8 . Negatively electrified raindrops were observed at the ground and up to the +20 C Tsutomu -2.6 10-2 e.s.u./m3 and +1.9 10-2 e.s.u./m3 respectively (Fig. 10) .
The frequency distribution of the number of the electric charges is shown in Fig. 11 .
The mean electric charge and the median electric charge of particles electrified having charges larger than 3.0 10-3 e. s. u. in each layer divided with respect to the boundaries of sign reversal of electric charge and cloud are shown in Table 2 . The mean value of electric charge of negatively electrified region was the same as that of positively electrified region under cloud. Table 2 . The mean and median values of electric charge on precipitation particles having charges larger than 3 10-3 e.s.u.. Numbers of those particles are shown in parentheses.
Discussion
As was described in Section 2, the measurement with the use of the radiosonde was affected by several factors. However, in the Tsutomu Takahashi present case of thundercloud the value of the abrupt discontinuity of potential gradient might have been small since the thunder-clap could not be heard during the observation. The radiosonde must have shown real electric charges on precipitation particles at least in the region between 0°C and -10°C, even if the particles were graupel pellets as tested in Section 2.
The electric charge distribution obtained by the present radiosonde observation in thundercloud was nearly the same as that reported by Simpson and Scrase. At the region of lower positive space charge reported by Simpson, however, not only positive electric charges but also a considerable number of negative electric charges were observed. Values of the total positive and negative electric charges in air column having a crosssection 1 km l km from -2°C level to -18°C level was about 1 coulomb, and this could be the amount dissipated by one lightning.
The layer of upper positive electric charge is supposed to correspond to the anvil of the thundercloud.
If the electric neutrality was satisfied among precipitation elements in thunderclouds, the layer of upper positive electric charge of 1 km in thickness is considered to spread horizontally into a wide area 50 times as large as the lower negative or positive layers.
In cumulus, there was a well-defined boundary between the layers of positive and negative electric charges below +10°C level. As the sum of electric charge of negative sign was nearly the same as that of positive sign below +10°C level, it could be considered that electric charges were generated by precipitation elements themselves and were separated due to the difference in fall-speed of the precipitation elements.
A region of small positive space charge at 12 km level, 1 km thick, was also observed.
This level corresponds to the upper positive electric charge in thundercloud. Perhaps, a layer having positive electric charge might be spread widely in the thunderstorm season.
Conclusion
(a) A radiosonde for measuring the electric charge on precipitation elements has been designed.
The limit of charge detection of this equipment is 5 10-4 e. s. u.
(b) The general feature of electric charge distribution obtained by the present radiosonde observation in thunderstorm was nearly the same as that reported by Simpson and Scrase. However, in the lower positive space charge region, not only positive electric charges but also a considerable number of negative electric charges were observed.
The height of the upper positive layer in the present observation differed from that of Simpson and Scrase. The height observed by the former was 12 km and that by the latter was 9 km in typical thunderstorms.
The most frequently observed electric charges in the lower positive, middle negative and upper positive layers were +6 10-2 e.s.u., more than -5 10-2 e.s.u. and +5 10-3 e. s. u. respectively. (c) It is suggested that a layer of positive electric charge of 1 km in thickness at an altitude of 12 km is spread widely in the thunderstorm season.
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